INTRODUCTION
With growing environmental concerns about ozone depletion and global warming, many efforts are being made to design heat pump cycles which use environmentally friendly refrigerants and consume less energy. CO 2 has many excellent advantages as a safety, economic, sustainable and green natural refrigerant (Lorentzen, 1994) ; so it is applicable for transcritical heat pump cycle, the different theoretical models and experimental researches of novel transcritical CO 2 heat pump cycles have been put forward and improved. Yang (2010) developed a mathematical model of transcritical CO 2 water-to-water heat pump system with an expander. Ryohei (2010) analyzed the performance of a water heating system composed of a CO 2 heat pump and a hot water storage tank. Silvia (2013) presented the experimental analysis of a prototype CO 2 water/water heat pump equipped with a two-phase ejector. Deng (2011) studied a novel hybrid solar assisted CO 2 heat pump which integrated a solar thermal driven absorption chiller and a conventional CO 2 heat pump together. Orhan (2010) investigated the effect of the helical length of the swirl flow generator on the performance of the vortex tube. Kemal (2011) investigated the correlations between gas types and input parameters comprising nozzle numbers. Samira(2013) investigated the effects of inlet pressure and cold fraction. Dincer (2011) found that the hot cascade type RHVT was more exergy efficiency of hot outlet than the classical RHVT. Xue (2012) provided enough evidence that the flow in the tube consists of a forced vortex formed near the inlet gradually transforming to a free vortex at the hot end. Dutta (2011) used a three dimensional Computational Fluid Dynamics model to investigate the phenomena of energy and species separation in a vortex tube. Mete (2013) investigated the effects of nozzle aspect ratio and nozzle number on the performance of the vortex tube. This paper focuses on the thermodynamic performances of CO 2 heat pump cycle with a vortex tube (named VHP cycle), and compares these performances of VHP cycle with that of conventional CO 2 heat pump cycle (named CHP cycle).
CYCLE LAYOUT
The structure and working process of vortex tube in the VHP cycle are schematically shown in Figure 1 . The vortex tube is a hollow cylinder, the exits set at both ends of the tube and the bottom wall near the nozzle outlet to allow hot, cold stream and liquid to exhaust. The nozzle is located at the periphery. When the high pressure CO 2 gas stream from the gas cooler is injected into the tube from the tangential inlet, it expands through the nozzle, forms a highly vertical flow, and then splits into three hot, cold gas streams and liquid stream. Because the energy separation results from the centrifugal separation inside the vortex tube, the peripheral part of hot gas stream flows toward a regulating control valve and leaves the vortex tube from the hot exit at a higher temperature than the inlet temperature and the core part of the cold gas stream, which is forced back by ABSTRACT: This study presents a CO 2 heat pump cycle with a vortex tube in which a vortex tube is applied to replace the throttle valve used in the conventional CO 2 heat pump cycle. The COP h and total heating capacity of this cycle are theoretically investigated and compared with that of conventional CO 2 heat pump cycle for the ranges of evaporating temperature (−15 to 3℃) and gas-cooler pressure (8 to 9.8 MPa). The COP h of this cycle increases with the increasing of nozzle efficiency, the evaporating temperature and the heating effect of vortex tube; moreover, the COP h of this cycle increases with the decreasing of the temperature of gas cooler outlet and the cold mass fraction. Under the same operating conditions, the COP h of this cycle can be improved by up to 3.9～16.8% over the conventional CO 2 heat pump cycle.
the control valve leaves from the cold exit through a center orifice near the entrance nozzle at a lower temperature than the inlet temperature, while the liquid stream due to having larger density leaves the vortex tube at liquid exit. Figure 2 shows the proposed VHP cycle and the corresponding pressure-enthalpy diagram of this cycle is depicted in Figure 3 . The cycle is composed of a compressor, a gas cooler, a vortex tube, a heat exchanger and an evaporator. In the cycle, m unit mass of compressed CO 2 stream in supercritical state (at point 2) is introduced into a gas cooler. The cooled-down stream enters vortex tube, expands and then splits into three streams, m 1 unit mass cold gas (at state point 6), m 2 unit mass liquid (at state point 7) and the other m 3 unit mass hot gas (at state point 5). The cold gas mixes with liquid (at state point 8) and m 1+ m 2 unit mass fluid flows into evaporator. Consequently, the CO 2 gas flows from the evaporator is combined with the hot gas flow from the heat exchanger is finally entrained into the compressor again.
As seen above, the temperature at the hot exit (at state point 5) is much higher than that at the gas cooler outlet (at state point 3). The water leaving the gas cooler enters the heat exchanger where it absorbs heat rejected from the hot gas, obtains further heating. Therefore the VHP cycle can have larger heating degree compared with the CHP cycle. On the other hand, heating capacity of the VHP cycle, i.e. heat rejected of the hot gas in the heat exchanger, can be also increased by supplying larger hot gas flow rate to the heat exchanger. Therefore, the VHP cycle could provide a better heating coefficient of performance.
MATHEMATICAL SIMULATIONS
Due to the use of the vortex tube, the operating characteristics and the performances of the VHP cycle are different from that of the CHP cycle. In order to verify the feasibility of the VHP cycle, the performances of the VHP cycle are evaluated based on thermodynamic cycle analysis method. To facilitate the modeling and theoretical analyses, the following assumptions are made:
(1) The cycle is operated at a stable condition. Pressure drop losses in the gas cooler, heat exchanger, evaporator and the connection tubes are neglected.
(2) The cycle is a closed loop; heat transfer with the environment is negligible.
(3) The gas cooler has a given outlet temperature and pressure.
(4) Cold stream, liquid stream from the vortex tube and the stream at evaporator outlet are saturated fluids.
(5) A constant isentropic efficiency is taken into account for the compressor (Sarkar, 2008) .
(6) The cold stream, liquid stream and hot stream share a same pressure.
The mass conservation law in the vortex tube can be written as:
Assuming the m as one unit in this mathematical simulation. The cold mass fraction is defined as:
The liquid mass fraction is defined as:
The x 4 is the vapor quality of nozzle outlet,
The isentropic efficiency of the nozzle is defined as:
Where h 3 is the enthalpy of the gas cooler outlet, h 4s is the enthalpy of the nozzle outlet at the isentropic expanding processes; h 4 is the enthalpy of the nozzle outlet at the actual expanding process. The isentropic efficiency of the compressor is defined as:
Where h 1 is the enthalpy of the compressor inlet, h 2 s is the enthalpy of the compressor outlet at the isentropic compression processes; h 2 is the enthalpy of the compressor outlet at the actual compression process. From the First Law of Thermodynamics in steady state applied to vortex tube, it is possible to write: 5 
Where, h 8 is the enthalpy of the evaporator inlet. Energy balance at compressor inlet can be found:
Where, h 9 is the enthalpy of the evaporator outlet, and h 10 is the hot gas enthalpy of the heat exchanger outlet.
The heating effect of the vortex tube is defined as follow:
Where, t 5 is the temperature of the hot stream, and t 3 is the temperature of the gas cooler outlet.
By applying the first law of Thermodynamics in steady state separately to the gas cooler and heat exchanger depicted in Figure 2 , the total heating loads of CO 2 heat pump cycle with a vortex tube can be obtained as the following equation:
Compression power can be expressed by:
The heating coefficient of performance of CO 2 heat pump cycle with a vortex tube can be determined by:
Thus, the mathematical simulation of the CO 2 heat pump cycle with a vortex tube can be performed by computing the above equations.
The Second Law of Thermodynamics limits the steady state operation of an adiabatic vortex tube by imposing the following constraint over the vortex tube: 3 
Where s 3 is the entropy of the gas cooler outlet, moreover, s 6, s 7, and s 5 are the entropy of cold stream, the liquid stream and the hot stream of the vortex tube respectively. After applying the mass conservation equation (Eq. (1) ), the definition of the cold mass fraction (Eq. (2)) and the liquid mass fraction (Eq. (3) s s s − = ∆ So the entropy production of the vortex tube can be written as:
The following second law constraint will be obtained:
Due to the constraint of The Second Law of Thermodynamics, the entropy production ( vt s ∆ ) of vortex tube must be equal or greater than zero to ensure maintain a steady-state operation of the VHP cycle. Figure 4 displays the iterative flowchart of the VHP cycle involving governing equations.
In equations above, p is pressure(kPa); COP h is heating coefficient of performance; h is specific enthalpy(kJ/kg); m is mass flow (kg/s); Q is heat capacity(kW); s is specific entropy(kJ/(kgk)); t is temperature(℃); W is compressor power(kW); x is vapor quality; µ is cold mass fraction; ω is liquid mass fraction; η is isentropic efficiency; and the subscripts have the meaning respectively, such as c is compressor; e is evaporator; n is nozzle and h is heating.
CYCLE PERFORMANCE ANALYSES
In the simulation, the following conditions are assumed: evaporating temperature is set from −15 to 3 ℃ , the temperature of gas cooler outlet is set in the range from 35 to 48 ℃ , the gas cooler pressure is set in the range from 8 to 9.8 MPa, respectively; In addition, the compressor is assumed to have a constant isentropic efficiency of 0.75. The vortex tube is a crucial component for the VHP cycle, and it needs appropriate and careful design. Low efficiency vortex tube will result in bad CO 2 heat pump cycle performances, even worse than the CHP cycle, and the VHP cycle may lose its advantages. So the general trends about parameter-dependency of the performances of the VHP cycle are analyzed in this work for providing the foundation of future researches. Figure 5 shows the effects of gas cooler pressure on the COP h of the VHP cycle under the different nozzle efficiencies. It is seen that there exists an optimal gas cooler pressure, about 8.8 MPa, at which the COP h reaches maximum value. The increases of gas cooler pressure may not only lead to the increasing of heating capacity, but also lead to more compressor power consumption due to the high pressure ratio and higher expansion loss. Figure 5 also shows the effects of nozzle efficiencies on the heating coefficient of performance of the VHP cycle.
From Figure 5 , it is obvious that COP h increases with the increasing of nozzle efficiency. Figure 6 shows the variations of COP h of the VHP cycle with the temperature t 3 of gas cooler outlet, under the different nozzle efficiencies. It can be observed that with the increase of t 3 , the COP h of the VHP cycle decreases. This trend can be mainly attributed to the fact that the enthalpy h 3 of the gas cooler outlet can be increased by an increase of temperature of gas cooler outlet, i.e. decreasing the heating load of gas cooler. Thus, the COP h can be decreased. Figure 6 also shows that COP h increases with the increasing of nozzle efficiency. Figure 7 shows the effects of cold mass fractions on the COP h of the VHP cycle under the different evaporating temperatures. It can be seen that COP h decreases with increasing cold mass fraction. This is mainly because that for the fixed m mass fluid in the VHP cycle and the nozzle efficiency, the m 3 passing through the heat exchanger decreases when increasing the cold mass m 1 , i.e. decreases the heating load of the heat exchanger. In this case, the total heating load decreases subsequently. It can be also found that COP h increases when increasing the evaporating temperature. Input t e , t 3 Figure 5 . COP h versus gas-cooler pressure at different nozzle efficiencies. From Figure 8 , it can be seen that COP h of the VHP cycle increases with the increase of heating effect of vortex tube under the different cold mass fractions. Larger heating effect of vortex tube implies that heating load that m 3 mass fluid releases in the heat exchanger is larger, the total heating load increases subsequently，also the COP h increases as the cold mass fraction decreases.
The comparison between the VHP cycle and the CHP cycle is also made under the same operating conditions. Figure 9 compares the variations COP h and total heating capacities with evaporating temperature between the VHP and CHP cycle. The COP h of VHP and CHP cycle increases, as well as the total heating loads of VHP and CHP cycle decrease with the increasing of evaporation temperature. With the increasing of evaporation temperature, the temperature of compressor outlet decreases due to pressure ratio decreasing, the heating load released by CO 2 gas from gas cooler of VHP and CHP cycle decreases, the heating load released by hot gas of VHP cycle in the heat exchanger increases, but the increased value of heating load released by hot gas of VHP cycle is lower than the decreased value of heating load released by CO 2 gas from gas cooler, so the total heating loads of VHP cycle decreases subsequently. However, the compressor power decreases obviously due to pressure ratio decreasing, and the trend of compressor power decreasing is larger than the trend of total heating loads decreasing. Therefore, the COP h of VHP and CHP cycle increases. Figure 10 shows the comparing of the variations COP h and total heating capacity with gas-cooler pressure between the VHP and CHP cycle. The COP h of VHP, as well as CHP cycle exist maximum value at the optimal gas cooler pressure. The total heating capacities of VHP and CHP cycle increase with the increasing of gas-cooler pressure.
From Figure 9 and Figure 10 , it can be observed that the COP h of VHP cycle is increased by 3.9～ 16.8% at gas-cooler pressure ranging from 8 to 9.8 MPa, and the heating effect of vortex tube ranging from 40 to76 ℃ for the evaporator temperature ranging from −15 to 3 ℃ , the total heating capacity of the VHP cycle is 8.2～12.5% higher than that of the CHP cycle for the given ranges of evaporating temperature and gas-cooler pressure, as well as, the temperature of gas cooler outlet is given at 35℃.
CONCLUSIONS
The COP h of the VHP cycle increases with the increasing of nozzle efficiency, the evaporating temperature and the heating effect of vortex tube; moreover, the COP h of the VHP cycle increases with the decreasing of the temperature of gas cooler outlet and the cold mass fraction. There exists an optimal gas cooler pressure, at which the COP h reaches maximum value.
The COP h and total heating capacity can be improved by using a vortex tube in CO 2 heat pump cycle. Under the same operating conditions, the COP h of the VHP cycle is increased by 3.9～16.8% at heating effect of vortex tube ranging from 40 to76 ℃ , the total heating capacity of the VHP cycle is 8.2～12.5% higher than that of the CHP cycle. These results prove the feasibility of the CO 2 heat pump cycle with a vortex tube and provide the fundament for further theoretical and experimental studies on the working mechanism of the vortex tube used in CO 2 heat pump cycle, the thermodynamic performances of CO 2 heat pump cycle with a vortex tube, and the novel CO 2 heat pump cycle with vortex tube. Figure 10 . COP h and heat capacity of two heat pump cycles versus gas-cooler pressure. Figure 9 . COP h and heat capacity of two heat pump cycles versus evaporation temperature. 
